The engineering of preformed microvessels offers the promising opportunity to rapidly vascularise implanted tissue constructs by the process of inosculation. Herein, we analyzed whether this process may further be accelerated by cultivation of prevascularised tissue constructs in Matrigel before implantation. Nano-size hydroxyapatite particles/poly(ester-urethane) scaffolds were implanted into the flank of FVB/N-TgN (Tie2/GFP) 287 Sato mice to allow the ingrowth of a granulation tissue with green fluorescent protein (GFP)-positive blood vessels. After harvesting, these prevascularised constructs were then transferred into dorsal skinfold chambers of FVB/N recipient mice to study the process of inosculation. The constructs were implanted directly after embedding in Matrigel or after 3 days of cultivation in the extracellular matrix. Matrigel-free constructs served as control. Cultivation in Matrigel resulted in the outgrowth of CD31/GFP-positive vascular sprouts. Vascularisation of these constructs was markedly improved when compared to the other two groups, as indicated by a significantly elevated functional microvessel density between days 6 to 14 after implantation into the dorsal skinfold chamber. This was associated with an increased number of GFP-positive blood vessels growing into the surrounding host tissue. Thus, the blood supply to prevascularised tissue constructs can be accelerated by their pre-cultivation in an angiogenic extracellular matrix, promoting external inosculation of the preformed microvascular networks with the host microvasculature.
Introduction
The rapid vascularisation of implanted tissue constructs represents a major prerequisite for the successful introduction of tissue engineering applications to clinical practice (Laschke et al., 2006; Rouwkema et al., 2008; Lovett et al., 2009) . A promising strategy to achieve this goal is the engineering of tissue substitutes with preformed microvascular networks, which are capable of inosculating with the host microvasculature after implantation (Lokmic and Mitchell, 2008; Laschke et al., 2009) . By this, it may be possible to rapidly establish a sufficient blood supply in the centre of large three-dimensional tissue constructs, avoiding the time-consuming ingrowth of new blood vessels into the implants via the process of angiogenesis. Nonetheless, several studies indicate that even this approach cannot guarantee an adequate blood perfusion of the constructs during the very first days after implantation (Tremblay et al., 2005; Laschke et al., 2008a) . Therefore, novel strategies have to be established, which accelerate the interconnection between preformed microvascular networks within implanted tissue constructs and blood vessels of the surrounding host tissue.
There are two principal modes of inosculation, i.e. internal and external inosculation (Laschke et al., 2009) . Internal inosculation occurs inside a prevascularised tissue graft when the preformed microvessels regress and microvessels of host origin invade the graft along the previously patterned vascular channels (Capla et al., 2006) . It is, however, also possible that the preformed microvessels grow out of prevascularised tissue constructs, resulting in external inosculation in the surrounding host tissue (Laschke et al., 2008a) . The latter may in particular be observed when the preformed microvascular network exhibits a high sprouting angiogenic activity. In the present study we analyzed whether this may be induced by cultivation of prevascularised tissue constructs in an angiogenic extracellular matrix before implantation. Our hypothesis was that the in vitro outgrowth of vascular sprouts into the extracellular matrix may promote external inosculation after implantation and, thus, may accelerate the restoration of blood perfusion in the implants.
For our study, we pre-cultivated in situ generated prevascularised tissue constructs in Matrigel. This sterile extract of basement membrane proteins forms a 3D gel at 37°C and contains a combination of different angiogenic growth factors, which stimulate the development of blood MW Laschke et al. External inosculation of tissue constructs vessels (Nicosia and Ottinetti, 1990; Kleinmann and Martin, 2005) .
Materials and Methods

Animals
For our study we used 12-to 16-week-old transgenic FVB/ N-TgN (Tie2/GFP) 287 Sato mice (The Jackson Laboratory, Maine, USA) and corresponding FVB/N wildtype mice (Charles River, Sulzfeld, Germany) with a body weight of 22-25g. The animals were housed one per cage and had free access to tap water and standard pellet food (Altromin, Lage, Germany). All experiments were approved by the local governmental animal care committee and were conducted in accordance with the German legislation on protection of animals and the NIH Guidelines for the Care and Use of Laboratory Animals (NIH Publication #85-23 Rev. 1985) .
Experimental protocol
For the in vivo experiments, 23 poly(ester-urethane) scaffolds were implanted into the flank of 6 FVB/N-TgN (Tie2/GFP) 287 Sato mice for 20 days to create in situ prevascularised tissue constructs. These constructs were implanted into the dorsal skinfold chamber of FVB/N recipient mice directly after embedding in Matrigel (n=7) or after 3 days of cultivation in the extracellular matrix (n=8), whereas Matrigel-free constructs (n=8) served as control. Intravital fluorescence microscopy of vascularisation, inosculation and microhaemodynamics was performed immediately as well as 3, 6, 10 and 14 days after construct implantation. At the end of the in vivo experiments, the animals were sacrificed with an overdose of the anaesthetic and the dorsal skinfold preparations were excised for further immunohistochemical analyses.
Preparation of in situ prevascularised tissue constructs
Porous nano-size hydroxyapatite particles/poly(esterurethane) composite scaffolds with a size of ~3 x 3 x 1mm ( Fig. 1a) were used for the generation of in situ prevascularised tissue constructs. These scaffolds, which exhibit an excellent in vivo biocompatibility, were fabricated by a salt leaching-phase inverse process, as described previously in detail (Laschke et al., 2010) . In a first step, the scaffolds were implanted for 20 days into the flank of transgenic FVB/N-TgN (Tie2/GFP) 287 Sato mice to allow the ingrowth of a granulation tissue with green fluorescent protein (GFP)-positive microvessels ( Fig. 1b) (Motoike et al., 2000) . For this purpose, the animals were anesthetized by i.p. injection of ketamine (75 mg/kg body weight; Pharmacia GmbH, Erlangen, Germany) and xylazine 2% (25 mg/kg body weight; Rompun, Bayer, Leverkusen, Germany) and four scaffolds per mouse were implanted into subcutaneous pockets of the right and left flank. After 20 days, the in situ generated prevascularised tissue constructs were carefully excised and embedded in 200μl Matrigel (BD Matrigel TM Matrix; BD Biosciences, Heidelberg, Germany) at the bottom of 35mm Petri dishes. The Matrigel was allowed to polymerize for 30min at 37°C and 5% CO 2 . Subsequently, the Petri dishes were filled with 2mL of 37°C warm Dulbecco's modified Eagle's medium (DMEM; 10% foetal calf serum, 100 U/mL penicillin, 0.1 mg/mL streptomycin; PAA, Cölbe, Germany) and the Matrigel-embedded prevascularised tissue constructs were cultivated for 3 days to stimulate the outgrowth of tubular vessel-like structures (Figs. 1c and d) . For the implantation into dorsal skinfold chambers of FVB/N wild-type mice, the tissue constructs were then cut out of the Matrigel with a scalpel, taking care to maintain the small margin of Matrigel, which contained outgrowing vascular sprouts. In a second group of animals, the constructs were implanted into dorsal skinfold chambers directly after embedding in Matrigel without pre-cultivation. Matrigel-free tissue constructs, which were transferred directly from the flank of transgenic FVB/N-TgN (Tie2/GFP) 287 Sato mice into dorsal skinfold chambers of wild-type animals, served as controls.
Preparation of the dorsal skinfold chamber and construct implantation
Inosculation and vascularisation of prevascularised tissue constructs were analyzed within dorsal skinfold chambers of FVB/N wild-type mice to distinguish between GFPpositive preformed blood vessels of the implanted tissue constructs and GFP-negative blood vessels of the host tissue within the chamber (Fig. 1e) . The chamber preparation has been described previously in detail . Briefly, the mice were anaesthetised by i.p. injection of ketamine (75mg/kg body weight; Pharmacia GmbH) and xylazine 2% (25mg/kg body weight; Rompun, Bayer). Subsequently, two symmetrical titanium frames were implanted on the extended dorsal skinfold of the animals, so that they sandwiched the double layer of skin. One layer of skin was then completely removed in a circular area of ~15mm in diameter, and the remaining layers, consisting of striated skin muscle, subcutaneous tissue and skin, were covered with a removable coverslip incorporated into one of the titanium frames. After the preparation, the animals were allowed to recover from anaesthesia and surgery for 72h to exclude alterations of the microcirculation due to the surgical trauma.
For the implantation of the tissue constructs, the cover glass of the dorsal skinfold chamber was temporarily removed and the constructs were placed onto the striated muscle tissue within the centre of each chamber, taking care to avoid contamination, mechanical irritation or damage of the tissue.
Intravital fluorescence microscopy and microcirculatory analysis
For intravital fluorescence microscopy 0.05ml 5% fluorescein isothiocyanate (FITC)-labelled dextran 150,000 (Sigma; Deisenhofen, Germany) was given i.v. via the retrobulbary space. This provided contrast enhancement of the perfused microvasculature by staining of blood plasma. The dorsal skinfold chamber was then attached to the microscopic stage. Microscopy was MW Laschke et al. External inosculation of tissue constructs 
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performed using a Zeiss Axiotech microscope (Zeiss, Oberkochen, Germany) with a 100W mercury lamp attached to an epi-illumination filter block for blue, green and ultraviolet light. The microscopic images were recorded by a charge-coupled device video camera (FK6990, Pieper, Schwerte, Germany) and transferred to a DVD system for off-line evaluation. By means of 5x, 10x and 20x long-distance objectives (Zeiss) magnifications of x115, x230 and x460 were achieved on a 14 inch video screen (KV-14CT1E, Sony, Tokyo, Japan).
Quantitative off-line analysis of the microscopic images was performed using the software package CapImage (Zeintl, Heidelberg, Germany). Vascularisation of the tissue constructs was analyzed at a magnification of x460 in 8 different microvascular regions of interest (ROIs) in the border zone and 8 different microvascular ROIs in the centre of the implants. Perfused ROIs were defined as areas, which exhibited either newly developed red blood cell (RBC)-perfused microvessels or preformed reperfused microvessels. In addition, functional capillary density, i.e. the length of all RBC-perfused blood vessels per observation area, was measured and is given in cm/cm². To study the process of inosculation, 10-15 preformed microvessels were randomly chosen in each prevascularised tissue construct at the day of implantation. During the further observation time points, the number of these vessels, which presented with reperfusion, was assessed and is given as percent of all analyzed vessels.
Diameters, centreline velocity, volumetric blood flow, and wall shear rate were determined in 10-15 randomly chosen microvessels within the centre zone of each scaffold. Diameters (d) were measured in μm perpendicularly to the vessel path. Centreline red blood cell velocity (v) was analyzed by CapImage using the line shift method. Volumetric blood flow was calculated by Q = π * (d/2) 2 * v / 1.6 [pl/s], where 1.6 represents the BakerWayland factor (1974) to correct for the parabolic velocity profile in microvessels. Finally, wall shear rate (y) was calculated based on the Newtonian definition: y = 8 * v/d.
Immunohistochemistry
For immunohistochemical detection of GFP-positive and -negative microvessels in the border zones of the implanted tissue constructs, paraffin-embedded 5μm-thick sections were stained with a monoclonal rat-anti-mouse antibody against CD31 (1:30; Dianova GmbH, Hamburg, Germany) to detect endothelial cells and with a goat-anti-GFP antibody (1:200; Biomol, Hamburg, Germany) to enhance GFP-fluorescence. As secondary antibodies a goat-antirat Cy3 antibody (1:50; Dianova GmbH) and a biotinlabeled donkey-anti-goat antibody (1:15; Jackson ImmunoResearch, Baltimore, MD, USA), which was detected by fluorescein labeled-streptavidin (1:50; Vector Labs, Burlingame, CA, USA), were used. For this purpose, the sections were placed in Coplin jars with 0.05% citraconic anhydride solution (pH 7.4) for 1h at 98°C and then incubated overnight at 4°C with the first antibody, followed by the appropriate secondary antibody at 37°C for 1h. On each section, cell nuclei were stained with Hoechst (1:500; Sigma) to merge the images exactly. For the quantitative analysis of GFP-positive microvessels (%) in the border zones of the implanted tissue constructs, the sections were examined using a BX60 microscope (Olympus, Hamburg, Germany).
Statistics
After testing the data for normal distribution and equal variance, differences between the three study groups were analyzed by ANOVA followed by the appropriate post hoc comparison. To test for time effects in the individual groups, ANOVA for repeated measures was applied. This was followed by the paired Student's t-test, including correction of the α-error according to Bonferroni probabilities for repeated measurements (SigmaStat; Jandel Corporation, San Rafael, CA, USA). All values are expressed as means ± SEM. Statistical significance was accepted for a value of P<0.05. Fig. 2. (a-c) Immunohistochemical detection of a CD31/GFP-positive endothelial cell (arrow), which migrated into the Matrigel (border marked by broken lines), surrounding a prevascularised tissue construct 3 days after harvesting from the flank of a FVB/N-TgN (Tie2/GFP) 287 Sato mouse and cultivation in the extracellular matrix. Histological sections were stained with Hoechst to identify cell nuclei (a-c, blue), an antibody against CD31 for the detection of endothelial cells (a, red) and an antibody against GFP (b, green). (c) displays a merge of (a) and (b). Scale bars: (ac) = 14μm.
MW Laschke et al. External inosculation of tissue constructs
Results
Angiogenic activation of prevascularised tissue constructs in vitro
Pre-cultivation of in situ generated prevascularised tissue constructs for 3 days in Matrigel resulted in the outgrowth of tubular vessel-like structures into the extracellular matrix (Fig. 1d) . This indicates the onset of sprouting angiogenic activity of the preformed microvascular networks.
Immunohistochemical analysis further confirmed that CD31/GFP-positive endothelial cells migrated into the Matrigel margin surrounding the tissue constructs (Fig.  2) .
Vascularisation of implanted tissue constructs
After implantation of the prevascularised tissue constructs into the dorsal skinfold chamber of FVB/N wild-type mice, perfused ROIs could be observed at the constructs' border zones of all three experimental groups already at day 3 ( Fig. 3g) . At this time point, haemorrhages were found around the tissue constructs (Figs. 3a-c) . This was particularly the case in the group of constructs, which had been pre-cultivated for 3 days in Matrigel before implantation (Fig. 3c) . Throughout the further observation period, the number of perfused microvessels rapidly increased in the border and centre zones of the tissue constructs, finally amounting to 100% of perfused ROIs at day 14 (Figs. 3d-h ). Interestingly, pre-cultivation of tissue constructs in Matrigel markedly accelerated this vascularisation process, as indicated by a significantly increased number of perfused ROIs in the implant centre at day 6 when compared to the other two groups (Fig. 3h) .
Accordingly, Matrigel-cultivated tissue constructs further exhibited a significantly increased functional microvessel density in the border and centre zones between days 6 and 14 in comparison to non-cultivated and Matrigel-free control implants (Figs. 3d-f and i-j).
Haemodynamics of microvessels within implanted tissue constructs
Matrigel-free control constructs exhibited constant microvessel diameters of 19-21μm between day 6 and 14 after implantation into the dorsal skinfold chamber (Tab. 1). In contrast, Matrigel-embedded constructs presented with a microvessel diameter of 18μm at day 6, which decreased to 12μm until the end of the 2-weeks observation period, independently on whether they had been precultivated or not (Table 1) . In all three groups, the microvessels' centreline velocity progressively increased from 61-83μm/s at day 6 to 145-166μm/s at day 14 (Table 1) . Notably, Matrigel-cultivated tissue constructs exhibited a significantly increased centreline velocity at day 10 when compared to controls, indicating an accelerated restoration of blood perfusion after implantation into the dorsal skinfold chamber.
Both groups of Matrigel-embedded tissue constructs presented with a significantly decreased volumetric blood flow at day 14 when compared to the control group (Table  1) . Because the calculation of volumetric blood flow is based on the diameter and centreline velocity of the analyzed microvessels, this result can clearly be attributed to the observed decrease of microvessel diameters in these groups. Vice versa, wall shear rates in both groups of Matrigel-embedded tissue constructs progressively Table 1 . Diameter (μm), centreline velocity (μm/s), volumetric blood flow (pL/s) and wall shear rate (s -1 ) of perfused blood vessels within in situ prevascularised tissue constructs at day 3, 6, 10 and 14 after implantation into dorsal skinfold chambers, as assessed by intravital fluorescence microscopy and computer-assisted image analysis. The constructs were implanted into the chamber directly after embedding in Matrigel (Matrigel) or after 3 days of precultivation in the extracellular matrix (3d Matrigel). Matrigel-free constructs served as controls (Control). 
Means
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Fig. 3. (a-f):
Stereo microscopy of in situ prevascularised tissue constructs at day 3 (a-c) and intravital fluorescence microscopy of blood perfused microvessels (arrows) within their centre at day 10 (d-f) after implantation into the dorsal skinfold chamber. The constructs were implanted into the chamber directly after embedding in Matrigel (b, e) or after 3 days of pre-cultivation in the extracellular matrix (c, f). Matrigel-free constructs (a, d) served as controls. Note that the construct, which was cultivated for 3 days in Matrigel, exhibits increased haemorrhages (c, asterisks) at day 3 after implantation into the dorsal skinfold chamber when compared to the other two groups (a, b, asterisks). Moreover, cultivation in Matrigel results in an improved vascularisation at day 10 (f vs. d and e). (d-f): Blue-light epi-illumination with contrast enhancement by 5% FITC-labelled dextran 150,000 i.v.. Scale bars: (a-c) = 680μm; (d-f) = 250μm. (g-j): Perfused ROIs (%) (g, h) and functional microvessel density (i, j) within the border (g, i) and the centre zones (h, j) of in situ prevascularised tissue constructs after implantation into dorsal skinfold chambers, as assessed by intravital fluorescence microscopy and computer-assisted image analysis. The constructs were implanted into the chamber directly after embedding in Matrigel (grey circles) or after 3 days of pre-cultivation in the extracellular matrix (black circles Intravital fluorescence microscopy of preformed microvessels (arrows) within the center of a Matrigelfree prevascularised tissue construct after implantation into the dorsal skinfold chamber. Fluorescence microscopy was performed directly after implantation into the dorsal skinfold chamber (a) as well as at day 6 (b), 10 (c) and 14 (d). Note that initially after implantation of the construct the preformed microvessels appear dark, indicating lack of FITC-dextran-labelled blood perfusion (a, b). At day 10 and 14 the microvessels are completely reperfused (c, d). This confirms that the preformed microvascular network within the in situ prevascularised tissue construct has become connected to blood vessels of the surrounding host tissue. Blue-light epi-illumination with contrast enhancement by 5% FITC-labelled dextran 150,000 i.v.. Scaffold strands (a, asterisks) appear bright under high sensitivity imaging conditions. Scale bars: 100μm. (e) Reperfused microvessels (%) within in situ prevascularised tissue constructs after implantation into the dorsal skinfold chamber, as assessed by intravital fluorescence microscopy and computer-assisted image analysis. The constructs were implanted into the chamber directly after embedding in Matrigel (grey bars) or after 3 days of pre-cultivation in the extracellular matrix (black bars 
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increased throughout the 2-weeks observation period and were significantly elevated at day 14 when compared to that of the control group (Table 1) .
Inosculation of implanted tissue constructs
In the present study we analyzed the inosculation of preformed microvascular networks within in situ prevascularised tissue constructs using intravital fluorescence microscopy (Fig. 4) . Our quantitative analysis of reperfused microvessels within the implants revealed that pre-cultivation of tissue constructs in Matrigel markedly promoted the process of inosculation, as indicated by a significantly increased number of reperfused microvessels within these constructs between day 6 to day 10 when compared to the other two groups (Fig. 4) . In fact, pre-cultivation of tissue constructs in Matrigel resulted already at day 6 in a 4-fold increased number of reperfused microvessels when compared with the two other groups.
We additionally analyzed the microvessels of the newly formed granulation tissue surrounding the tissue constructs at day 14 after implantation into the dorsal skinfold chamber (Fig. 5) . Interestingly, we found that the constructs, which were pre-cultivated for 3 days in Matrigel, exhibited 33±6% GFP-positive microvessels in their border zones. In contrast, non-cultivated Matrigelembedded and Matrigel-free control constructs presented with a significantly lower number of GFP-positive microvessels of 11±4% and 9±5% (p<0.05), respectively.
Discussion
In tissue engineering, the in vitro or in situ generation of microvascular networks offers the promising opportunity to rapidly establish a life-sustaining blood supply to implanted tissue constructs by the process of inosculation (Laschke et al., 2009 ). We herein demonstrate that this Fig. 5 . Immunohistochemical characterization of microvessels in the border zone of in situ prevascularised tissue constructs at day 14 after implantation into the dorsal skinfold chamber. The constructs were implanted into the chamber directly after embedding in Matrigel (d-f) or after 3 days of pre-cultivation in the extracellular matrix (gi). Matrigel-free constructs (a-c) served as controls. Histological sections were stained with Hoechst to identify cell nuclei (a-i, blue), an antibody against CD31 for the detection of the microvascular endothelium (a, d, g, red) , and an antibody against GFP for the detection of GFP-positive endothelial cells (b, e, h, green). c, f and i display merges of (a, b), (d, e) and (g, h), respectively. Note that the construct which was pre-cultivated for 3 days in Matrigel exhibits an increased number of GFP-positive microvessels (arrows) in the border zone when compared to the other two groups. Scale bars: a-i = 26μm.
MW Laschke et al. External inosculation of tissue constructs
process can markedly be accelerated by pre-cultivation of prevascularised tissue constructs in an angiogenic extracellular matrix before implantation. In our study, we cultivated in situ prevascularised tissue constructs in Matrigel. Due to its content of angiogenic growth factors, this extracellular matrix promotes the development of new blood vessels. Accordingly, Matrigel has been used for many years for the in vitro and in vivo analysis of angiogenesis and the identification of angiogenic inhibitors and stimulators (Kleinman and Martin, 2005) . Moreover, incorporation of biomaterials into Matrigel has recently been shown to improve their vascularisation after implantation (Laschke et al., 2008b; Strieth et al., 2010) . Because Matrigel is isolated from a poorly differentiated mouse chondrosarcoma, it may, however, not be the first choice for the modification of clinically applied tissue constructs. Nonetheless, we used it for our experiments, because its composition and angiogenic activity is well known and, thus, it ideally served as a standardized extracellular matrix for the present proof of principle study. A good alternative for a clinical application may be platelet rich plasma (PRP). This gel bears the major advantage that it can easily be generated from a patient's blood sample and, thus, exhibits an excellent biocompatibility (Eppley et al., 2006) . Moreover, similar to Matrigel PRP contains a combination of different angiogenic growth factors that may ideally promote angiogenesis and external inosculation of pre-cultivated tissue constructs.
Our data show that Matrigel-embedded prevascularised tissue constructs exhibited a significantly increased functional capillary density at the border and center zones between day 6 and 14 after implantation into the dorsal skinfold chamber of recipient animals when compared to Matrigel-free controls. However, this was only the case for implants, which had been pre-cultivated for 3 days in Matrigel and not for those, which were directly transferred into the chamber after embedding in the extracellular matrix. Thus, the improved vascularisation of Matrigelembedded tissue constructs cannot simply be attributed to the angiogenic activity of the matrix itself, but may rather be due to the stimulation of vascular sprouting from the tissue constructs into the Matrigel during in vitro cultivation. Accordingly, we detected in vitro CD31/GFPpositive endothelial cells, which were migrated into the Matrigel margin surrounding the tissue constructs. Moreover, we observed large haemorrhages around the tissue constructs at day 3 after implantation into the dorsal skinfold chamber, which may result from micro-bleedings out of the fragile preformed sprouts. Our immunohistochemical analyses further revealed that the constructs, which were pre-cultivated for 3 days in Matrigel, exhibited significantly more GFP-positive microvessels in their border zone when compared to the other two groups. Taken together, all these results indicate that the pre-cultivation of the tissue constructs in Matrigel promoted external inosculation, resulting in a markedly accelerated restoration of blood perfusion in their preformed microvascular networks after implantation. In line with this interpretation microvessels in Matrigel-cultivated tissue constructs exhibited a significantly increased centreline velocity at day 10 when compared to controls.
For the generation of in situ prevascularised tissue constructs we used porous nano-size hydroxyapatite particles/poly(ester-urethane) composite scaffolds with a size of ~3 x 3 x 1mm. Thus, the scaffolds were rather small and may not reflect the dimensions, which are needed in the clinical setting to fill up large tissue defects. In fact, it may probably not be possible to keep a thick threedimensional tissue construct in culture viable for several days, because the diffusion distance for oxygen and the culture medium to the cells in the centre of the construct may be too large to guarantee cell survival. However, this issue may be overcome by creating and cultivating several small prevascularised tissue constructs, which subsequently are implanted together into a large host defect site.
Interestingly, we found that microvessel diameters of implanted tissue constructs in both Matrigel groups progressively decreased, whereas the microvessel diameters in Matrigel-free control implants remained constant throughout the observation period of 14 days. This finding is most probably due to the fact that Matrigel does not only contain growth factors, which initiate angiogenesis, such as vascular endothelial growth factor (VEGF) (Yancopoulos et al., 2000) , insulin-like growth factor I (IGF-1) (Beckert et al., 2006) and epidermal growth factor (EGF) (van Cruijsen et al., 2005) , but also the subsequent maturation of the newly formed blood vessels, including platelet-derived growth factor (PDGF) (Jain, 2003) and transforming growth factor (TGF)-β (Richardson et al., 2001 ). This maturation is associated with the stabilization of the vessel wall by recruitment of perivascular smooth muscle cells and is typically characterized by a decrease of microvessel diameters Gerhardt and Betsholtz, 2003) . The small diameters and the early onset of high centreline velocities in microvessels of the Matrigel-cultivated tissue constructs may have further contributed to their improved vascularisation by shear stress-induced angiogenesis (Brown and Hudlika, 2003; Resnick et al., 2003) .
In summary, we herein provide the proof of principle that the establishment of a blood supply to prevascularised tissue constructs can be accelerated by their pre-cultivation in an angiogenic extracellular matrix, promoting external inosculation of the preformed microvascular networks after implantation into the host tissue. This easy approach may contribute to a better survival of cells within tissue constructs and, thus, may increase the success rates of future tissue engineering applications.
Discussion with Reviewers
Reviewer I: How do you think to use these proof-ofprinciple results in a clinical setting? Have you considered the possibility to use matrices of different origin for preculturing implants? Authors: In the present proof-of-principle study we show that external inosculation of prevascularised tissue constructs is promoted by pre-cultivation of the implants in an angiogenic extracellular matrix. For this purpose, we cultivated in situ prevascularised tissue constructs in Matrigel, which is a well-defined extracellular matrix. However, Matrigel may not be the first choice to translate our work into the clinic, because it is obtained from a mouse chondrosarcoma. A good alternative for the clinical application of our findings may be the use of platelet rich plasma (PRP). This gel bears the major advantage that it MW Laschke et al. External inosculation of tissue constructs can easily be generated from a patient's blood sample and thus exhibits an excellent biocompatibility. Moreover, similar to Matrigel, PRP contains a combination of different angiogenic growth factors that may ideally promote angiogenesis and external inosculation of pre-cultivated tissue constructs in a clinical setting. For the generation of prevascularised tissue constructs, we used porous nano-size hydroxyapatite particles/ poly(ester-urethane) composite scaffolds, because we previously found that these scaffolds exhibit a good in vivo biocompatibility. However, we feel that the principle shown in the present study is transferable to any other type of scaffold, which may be used for clinical tissue engineering applications.
Reviewer II: Since external inosculation implies the ingrowth of transplanted vessels into the host, in clinical models that can only be achieved by means of autologous transplantation and thus has limited implications. Please comment. Authors: We agree with the reviewer that the principle shown in the present study is only transferable to the clinical setting by means of autologous transplantation of prevascularised tissue constructs to prevent graft rejection. However, we feel that this does not necessarily limit its applications. For instance, it may be possible to prevascularise a tissue construct in a first step at an easily accessible implantation site of the patient, such as the subcutaneous tissue. The prevascularised tissue construct may then be carefully excised and pre-cultivated in an extracellular matrix before implantation into the final host defect site.
Reviewer II: Additionally the size of the scaffolds should be discussed. The size used by the author is suitable to demonstrate the concept of external inosculation and analyze blood flow and other parameters, but successful inosculation of scaffolds with a thickness of 1mm is of limited clinical relevance. The authors should also discuss the need to vascularise true three-dimensional scaffolds of relevant dimension. It would certainly be interesting to see the effect of pre-cultivation there.
